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Abstract: As a quark and an antiquark cannot be isolated, the intrinsic motion of a
composite qq¯ system in its lowest-energy states lies predominantly in 1+1 dimensions, as
in an open string with the quark and the antiquark at its two ends. Accordingly, we study
the lowest-energy states of an open string qq¯ system in QCD and QED in 1+1 dimensions.
We show that pi0, η, and η′ can be adequately described as open string qq¯ QCD mesons. By
extrapolating into the qq¯ QED sector in which a quark and an antiquark interact with the
QED interaction, we find an open string isocalar I(Jpi)=0(0−) QED meson state at 19.2
MeV and an isovector (I(Jpi)=1(0−), I3 = 0) QED meson state at 38.5 MeV. The predicted
mass of the I(Jpi)=0(0−) qq¯ QED meson is close to the mass of the X17 particle observed in
the decay of the excited 0(0−) state of He4 to make it a good candidate for the X17 particle.
The decay products of qq¯ QED mesons may show up as excess e+e− pair decay products
in the anomalous soft photon phenomenon in hadron productions in high-energy hadron-
proton collisions and e+-e− annihilations. Measurements of the invariant masses of excess
e+e− pairs and the detection of the QED meson decay gamma rays will provide tests for the
existence of the open string qq¯ QED mesons. An assembly of gravitating QED mesons are
expected to emit electron-positron pairs and/or gamma rays and their decay energies will be
modified by their gravitational binding energies. Consequently, a self-gravitating isoscalar
QED meson assembly whose mass M and radius R satisfy (M/M)/(R/R) & 4.71× 105
will not produce electron-positron pairs nor gamma rays and may be a good candidate for
the primordial dark matter.a
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1 Introduction
Recent observation [1] of a light, neutral boson decaying into an e+e− pair with a mass
of about 17 MeV, in the decay of the I(Jpi)=0(1+) state of 8Be, has generated a great
deal of interest [2–11]. Supporting evidence for this hypothetical X17 particle has been
reported recently in the decay of the excited 0(0−) state of 4He [12]. Earlier observations
of similar e+e− pairs with invariant masses between 3 to 20 MeV in the collision of nuclei
with emulsion detectors have been reported [13–15]. Different theoretical interpretations,
astrophysical implications, and experimental searches have been presented [2–11]. However,
a definitive description of the X17 particle has not yet emerged.
The observations of the e+e− pair with an invariant mass of about 17 MeV [1, 12] may
appear perplexing, equally perplexing have been numerous observations of excess e+e−
pairs, labeled as “anomalous soft photons”, whenever hadrons are produced in high-energy
experiments inK+p [16, 17], pi+p [17], pi−p [18, 19], pp collisions [20], and e+e− annihilations
[21–24]. Specifically in the DELPHI exclusive measurements in the decay of Z0 in e+e−
annihilations, the excess e+e− pairs have been observed to be proportionally produced when
hadrons (mostly mesons) are produced [23, 24], and they are not produced when hadrons
are not produced in high-energy e++ e−→ µ++ µ− bremsstrahlung [22]. The transverse
momenta of the excess e+e− pairs lie in the range of a few MeV/c to many tens of MeV/c,
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corresponding to a mass scale of the anomalous soft photon in the range from a few MeV
to many tens of MeV.
Many different models have been presented to describe the anomalous soft photons as
a continuous spectrum [25]-[37]. We note however that owing to its simultaneous and cor-
related production alongside with hadrons, the parent particle of an anomalous soft photon
is likely to contain some elements of the hadron sector, such as a light quark and a light
anti-antiquark1. The quark and antiquark carry color and electric charges and they in-
teract mutually with the quantum chomodynamical (QCD) and quantum electrodynamical
(QCD) interactions. The anomalous soft photon cannot arise from the quark-antiquark pair
interacting with the QCD interaction, because such an interaction will endow the pair with
a mass much greater than the mass scale of the anomalous soft photon. We are left with
the possibility of the quark and the antiquark interacting with the QED interaction. Such
a possibility is further reinforced by the special nature of a confining gauge interaction, for
which the lower the strength of the attractive confining interaction, the lower will be the
mass of the composite particle it generates, in contrast to a non-confining interaction in
which the effect is just the opposite. Relative to the QCD interaction, the QED interaction
will bring the quantized mass of a qq¯ pair to the lower mass range of the anomalous soft
photons. It was therefore proposed that a quark and an antiquark in a qq¯ system interacting
with the QED interaction may lead to new open string bound states (QED-meson states)
with a mass of many tens of MeV in [25]. These QED mesons may be produced simulta-
neously with the QCD mesons in the string fragmentation process in high-energy collisions
[16–24], and the excess e+e− pairs may arise from the decays of these QED mesons. The
predicted mass of one of the QED mesons, the isoscalar 0(0−) QED meson, is close to the
X17 mass of about 17 MeV. It is natural to inquire whether the X17 particle emitted in the
decay of the excited 0(0−) state of He4 may be the isoscalar 0(0−) QED meson predicted in
[25]. It is also useful to inquire further whether there can be additional experimental tests
to confirm or refute such proposed QED mesons.
It is instructive to re-examine the theoretical basis for the possible occurrence of the
open string qq¯ “QED mesons” as proposed in [25]. Because a quark q and an antiquark q¯
cannot be isolated, the intrinsic motion of a composite qq¯ system in the lowest-energy states
in 3+1 dimensions lies predominantly in 1+1 dimensions, as in an open string with the quark
and the antiquark at its two ends. The approximate validity for the open string description
for the lowest-energy qq¯ systems is theoretically supported by the dual-resonance model
[38], Nambu and Goto meson string model [39, 40], ’tHooft’s two-dimensional meson model
[41, 42], the classical yo-yo string model and the Lund model [43, 44], the 2D inside-outside
cascade model of Bjorken [45], Casher, Kogut, and Susskind [46], and lattice gauge theories
[47–49]. The open string qq¯ description of hadron production is experimentally supported
by the evidence of a flux tube in the limiting average transverse momentum and a rapidity
plateau [45, 46, 50–53] in high-energy e+-e− annihilations [54–58] and pp collisions [59]. To
study approximately the lowest-energy bound states of qq¯ systems with light quarks, it is
1 The elements of the hadron sector comprises of u, d, c, s, b, t quarks and gluons. The mass scale of
the anomalous soft photon excludes all but the u and d quarks and antiquarks as possible constituents of
its parent particle.
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reasonable to truncate the gauge field theories from 3+1 dimensions to 1+1 dimensions by
idealizing the three-dimensional flux tube as a structureless one-dimensional open string,
with the information on the flux tube structure stored into the coupling constant of the
interaction in the lower 1+1 dimensions. Whatever deviations from such a truncation can
be considered as perturbations. The approximate validity of such a truncation will need to
be tested by confronting its theoretical results with experiment.
In 1+1 dimensions, Schwinger already showed previously that massless fermions and
antifermions interacting with a gauge interaction give rise to bound bosons [60, 61]. If
one identifies Schwinger’s massless fermion and antifermion as a light quark and a light
antiquark, one will reach the conclusion that a gauge interaction between the quark and
the antiquark in 1+1 dimensions is confining and their interaction energy increases linearly
with their separation. For massless quarks, the gauge interaction leads to a bound boson
with a mass m, related to the gauge field coupling constant g2D by [60, 61]
m2 =
g2
2D
pi
, (1.1)
which shows that the mass m of the bound boson increases with an increasing strength g2D
of the interaction, whether it is the QED or the QCD interaction.
We need an important relationship to ensure that the boson mass calculated in the
lower 1+1 dimensions can appropriately represent the mass of a physical boson in 3+1
dimensions. In the physical world of 3+1 dimensions, the one-dimensional qq¯ open string
without a structure is in fact an idealization of a flux tube with a transverse radius RT . The
boson masses calculated in 1+1 dimensions can represent physical boson masses, when the
structure of the flux tube is properly taken into account. Upon considering the structure
of the flux tube in the physical 3+1 dimensions, we find that the coupling constants g2D in
lower 1+1 dimensions is related to the physical coupling constants g4D in 3+1 dimensions
by [25, 53, 62]
(g2D)
2 =
1
piR2T
(g4D)
2 =
4α4D
R2T
, (1.2)
whose qualitative consistency can be checked by dimensional analysis. Thus, when the
dynamics in the higher dimensional 3+1 space-time is approximated as dynamics in the
lower 1+1 dimensions, information on the flux tube structure is stored in the multiplicative
conversion factor 1/piR2T in the above equation that relates the physical coupling constant
(g4D)
2 in 3+1 dimensions to to the new coupling constant (g2D)2 in 1+1 dimensions. As
a consequence, there is no loss of relevant physical information. The boson mass m de-
termined in 1+1 dimensions is the physical mass related to the physical coupling constant
α4D=(g4D)
2/4pi and the flux tube radius RT by
m2 =
4α4D
piR2T
. (1.3)
With αQCD
4D
=αs=0.58 from hadron spectroscopy [63, 64], α
QED
4D
=αc=1/137, and RT ∼ 0.4 fm
from RT = ~/
√
〈p2T 〉 with 〈p2T 〉 of the produced hadrons is in the range 0.1 − 0.35 GeV2
– 3 –
[56], we estimate the masses of the open string QCD and QCD mesons to be
m
QCD ∼ 423 MeV, and mQED ∼ 47 MeV. (1.4)
The above mass scales provide an encouraging guide for the present task of a quantitative
description of the QCD and QED mesons as open strings, using QCD and QED gauge field
theories in 1+ 1 dimensions. Of course, the approximate validity of such a truncation of the
qq¯ systems from 3+1 dimensions to 1+1 dimensions must be tested by direct confrontation
with experimental data, as will be carried out in the next section.
2 Open string QCD and QED states of qq¯ systems
2.1 Quarks and antiquarks interacting with QCD and QED interactions
Quarks and antiquarks carry color and electric charges. They interact with the QCD and
the QED interactions, which are independent interactions with different gauge symmetries,
commutation properties, and coupling constants. The QED interaction is a U(1) gauge
interaction, whereas the QCD interaction is an SU(3) gauge interaction. They possess
different generators and give rise to bound boson states of quarks and antiquarks at different
state energies, as the order-of-magnitude estimates in (1.4) indicate.
We would like to review and extend our earlier work [25] on the qq¯ bound states with
QCD and QED interactions in a single framework. We wish to extend our considerations
from two flavors to three flavors for the QCD interaction so that pi0, η, and η′ can be
adequately described. A successful description of these hadrons as open string qq¯ QCD
mesons will lend support for its theoretical extrapolation into the unknown sector of qq¯
QED mesons.
Accordingly, we introduce an enlarged U(3) group that is the union of the color SU(3)
QCD subgroup and the electromagnetic U(1) QED subgroup [25]. The generator t0 for the
U(1) subgroup is
t0 =
1√
6
1 0 00 1 0
0 0 1
 , (2.1)
which adds on to the eight standard generators of the SU(3) subgroup, {t1, ...t8}, to form
the nine generators of the U(3) group. They satisfy 2 tr{tatb} = δab for a, b = 0, 1, .., 8.
The two subgroups of U(3) differ in their coupling constants and communicative properties.
We consider quarks with Nλf number of flavors where f=u, d, s=1,2,3 is the flavor label,
and the superscript λ=0,1 is the interaction label for QED and QCD respectively. Because
of the mass scale of (1.4), we have mQCD  {mu,md,ms} and mQED{mu,md}, and we
can choose NQEDf =N
0
f=2 and N
QCD
f =N
1
f=3.
We start with 3+1 dimensional space-time xµ, with µ=0,1,2,3. The dynamical variables
are the quark fields ψif and the U(3) gauge fields Aµ=
∑
aA
a
µt
a, where i is the color index
with i=1,2,3. We use the summation convention over repeated indices except when the
summation symbols are needed to avoid ambiguities. For brevity of notations, the indices
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{a,f} and the superscript interaction labels {λ, QCD, QED} in various quantities are often
implicitly understood except when they are needed to resolve ambiguities. The coupling
constants gaf are given explicitly by
g0u=−Qu g
QED
4D
, g0d=−Qd g
QED
4D
for QED, (2.2a)
g
{1,..,8}
{u,d,s} = Q
QCD
{u,d,s} g
QCD
4D
for QCD, (2.2b)
where we have introduced the charge numbers QQEDu =2/3, Q
QED
d =−1/3, Q
QCD
u = Q
QCD
d = Q
QCD
s = 1.
The Lagrangian density for the system is
L = ψ¯(iD/)ψ − 1
4
FµνF
µν −mψ¯ψ (2.3a)
where iD/ = γµ(i∂/ + gAµ), (2.3b)
Fµν = ∂µAν − ∂νAµ − ig[Aµ, Aν ], Fµν = F aµνta. (2.3c)
The equation of motion for the gauge field Aµ is
DµF
µν = ∂µF
µν − ig[Aµ, Fµν ] = gjν , jν = jν ata, jν a = 2 tr ψ¯fγνtaψf . (2.4)
As a quark and an antiquark cannot be isolated, the intrinsic motion of the quark and
the antiquark in the lowest-energy qq¯ systems in 3+1 dimensions lies predominantly in 1+1
dimensions, as discussed in string models of mesons [25, 26, 38–46, 53, 62, 65, 66]. We shall
therefore approximate the gauge field theory in 3+1 dimensions by the gauge field theory
in 1+1 dimensions where the coupling constant g will be implicitly taken to be g2D . It is
necessary to keep in mind that the information on the structure of flux tube radius RT is
stored in the multiplicative factor 1/(
√
piRT ) that converts the physical coupling constant
g4D to the new coupling g2D in the lower dimensions as given by (1.2).
2.2 Bosonization of QCD and QED for qq¯ systems in 1+1 dimensions
We wish to search for bound states arising from the interaction of the color and electric
charges of the quarks and antiquarks in QCD and QED in the strong coupling limit in 1+1
dimensions. The bound states can be searched by the method of bosonization in which the
stability of the boson states can be examined by the values of the square of the boson mass,
with residual sine-Gordon interactions that depend on the quark mass [66]-[77].
The U(3) gauge interactions under consideration contains the non-Abelian color SU(3)
interactions. Consequently the bosonization of the color degrees of freedom should be
carried out according to the method of non-Abelian bosonization which preserves the gauge
group symmetry [68].
While we use non-Abelian bosonization for the U(3) gauge interactions, we shall follow
Coleman to treat the flavor degrees of freedom as independent degrees of freedom [66, 70,
71, 76, 77]. This involves keeping the flavor labels in the bosonization without using the
flavor group symmetry. Although such bosonization in the flavor sector obscures the isospin
and other flavor symmetry in QCD, the QCD isospin and other flavor symmetry are still
present. They can be recovered by complicated non-linear general transformations [66, 67].
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As such a bosonization method is simple only for neutral qq¯ systems with isospin component
I3=0, we shall limit our attention to such systems. We shall study only qq¯ systems with
total spin S = 0.
As in any method of bosonization, the non-Abelian method will succeed for systems
that contain stable and bound boson states with relatively weak residual interactions. Thus,
not all the degrees of freedom available to the bosonization technique will lead to good boson
states with these desirable properties. For example, some of the bosonization degrees of
freedom in color SU(3) may correspond to bosonic excitations into colored objects of two-
fermion complexes and may not give rise to stable bosons. It is important to judiciously
search for those boson degrees of freedom that will eventually lead to stable and bound
bosons. Keeping this perspective in our mind, we can examine the non-Abelian bosonization
of the system under the U(3) interactions. The non-Abelian bosonization program consists
of introducing boson fields φa to describe an element u of the U(3) group and showing
subsequently that these boson fields lead to stable bosons with finite or zero masses.
In the non-Abelian bosonization, the current j± in the light-cone coordinates, x±=(x0±
x3)/
√
2, is bosonized as [68]
j+ = (i/2pi)u
−1(∂+u), (2.5a)
j− = −(i/2pi)(∂−u)u−1. (2.5b)
An element of the U(1) subgroup of the U(3) group can be represented by the boson field
φ0
u = exp{i2√piφ0t0}. (2.6)
Such a bosonization poses no problem as it is an Abelian subgroup. It will lead to a stable
boson as in Schwinger’s QED2.
To carry out the bosonization of the color SU(3) subgroup, we need to introduce boson
fields to describe an element u of SU(3). There are eight ta generators which provides eight
degrees of freedom. We may naively think that for the non-Abelian bosonization of SU(3),
we should introduce eight boson fields φa to describe u by
u = exp{i2√pi
8∑
a=1
φata}. (2.7)
However, a general variation of the element δu/δx± will lead to quantities that in general
do not commute with u and u−1, resulting in j± currents in Eqs. (2.5) that are complicated
non-linear admixtures of the boson fields φa. It will be difficult to look for stable boson
states with these currents.
We can guide us to a situation that has a greater chance of finding stable bosons by
examining the bosonization problem from a different viewpoint. We can pick a unit gen-
erator τ1=
∑8
a=1 nat
a with na=2tr(τ1ta) oriented in any direction of the eight-dimensional
generator space and we can describe an SU(3) group element u by an amplitude φ1 and the
unit vector τ1,
u = exp{i2√piφ1τ1}. (2.8)
– 6 –
The boson field φ1 describes one degree of freedom, and the direction cosines {na, a = 1, .., 8}
of the unit vector τ1 describe the other seven degrees of freedom. A variation of the
amplitude φ1 in u while keeping the unit vector orientation fixed will lead to a variation
of δu/δx± that will commute with u and u−1 in the bosonization formula (2.5), as in the
case with an Abelian group element. It will lead to simple currents and stable QCD bosons
with well defined masses, which will need to be consistent with experimental QCD meson
data. On the other hand, a variation of δu/δx± in any of the other seven orientation
angles of the unit vector τ1 will lead to δu/δx± quantities along other ta directions with
a={1, ..., 8}. These variations of δu/δx± will not in general commute with u or u−1. They
will lead to j± currents that are complicated non-linear functions of the eight degrees of
freedom. We are therefore well advised to search for stable bosons by varying only the
amplitude of the φ1 field, keeping the orientation of the unit vector fixed, and forgoing the
other seven orientation degrees of freedom. For the U(3) group, there is in addition the
group element u = exp{i2√piφ0t0} from the QED U(1) subgroup. Combining both U(1)
and SU(3) subgroups, we can represent an element u of the U(3) group by φ0 from QED
and φ1 from QCD as [25]
u = exp{i2√piφ0τ0 + i2√piφ1τ1}, (2.9)
where we have re-labeled t0 as τ0. The superscripts λ={0, 1} on the right hand side of the
above equation is the interaction label with λ={0, 1} for QED and QCD, respectively, and
2tr(τλτλ
′
)=δλλ′ . When we write out the flavor index explicitly, we have
uf = exp{i2
√
piφ0fτ
0 + i2
√
piφ1fτ
1}. (2.10)
From (2.5a) and (2.5b), we obtain
jf± = ∓ 1√
pi
[
(∂±φ0f )τ
0 + (∂±φ1f )τ
1
]
when all Qλf = 1, (2.11a)
= ∓ 1√
pi
[
Q0f (∂±φ
0
f )τ
0 +Q1f (∂±φ
1
f )τ
1
]
when we include charge number Qλf . (2.11b)
The Maxwell equation in light-cone coordinates is
∂µ∂
µA± − ∂±∂µAµ = gj±. (2.12)
We shall use the Lorenz gauge
∂µA
µ = 0, (2.13)
then the solution of the gauge field is
A± =
g
2∂+∂−
j±. (2.14)
Interaction energy Hint is
Hint =
g
2
∫
dx+dx− 2 tr (j ·A) = g
2
∫
dx+dx− 2 tr (j+A− + j−A+)
=
g
2
∫
dx+dx− 2 tr
(
j+
g
2∂+∂−
j− + j−
g
2∂+∂−
j+
)
. (2.15)
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We integrate by parts, include the charge numbers and the interaction dependency of the
coupling constant, gλ2D=g
λ, and we obtain the contribution to the Hamiltonian density from
the confining interaction between the constituents, Hint =
∫
dx+dx−Hint(φλf ),
Hint(φλf ) =
1
2
[
(g0
2D
)2
pi
(
Nf∑
f
Q0fφ
0
f )
2 +
(g1
2D
)2
pi
(
Nf∑
f
Q1fφ
1
f )
2
]
, (2.16)
which matches the results of [66, 76]. For the mass bi-linear term, we follow Coleman [66]
and Witten [68] and bosonize it as
mf : ψ¯fψf : → (− e
γ
2pi
)µmf 2tr
(
uf + u
−1
f
2
)
,
= (− e
γ
2pi
)µmf 2tr cos
(
2
√
piφ0fτ
0 + 2
√
piφ1fτ
1
)
, (2.17)
where γ = 0.5772 is the Euler constant, and µ is an unknown mass scale that arises from
the bosonization of the scalar density ψ¯ψ and is solution-dependent [66]. When we sum
over flavors, we get the contribution to the Hamiltonian density from quark masses,
Hm =
∫
dx+dx−Hm(φλf ), (2.18)
where
Hm(φλf ) = eγµ
∑
f
mf
[
(φ0f )
2 + (φ1f )
2+...
]
when µ is independent of interaction, (2.19a)
= eγ
∑
f
mf
[
µ0(φ0f )
2+µ1(φ1f )
2 + ...
]
whenµ depends on interaction. (2.19b)
Finally, for the kinematic term, we bosonize it as [68, 69]
: ψ¯i∂/ψ :→ 1
8pi
2 tr
[
∂µu) (∂µu
−1)
]
+ nΓ, (2.20)
where nΓ is the Wess-Zumino term which vanishes for u of (2.9) containing commuting
elements τ0 and τ1. We get the kinematic contribution
H
kin
=
∫
dx0dx1H
kin
=
∫
dx0dx1
∑
f
1
8pi 2 tr
[
∂µuf ) (∂µu
−1
f )
]
, (2.21)
where
H
kin
(φλf ) =
1
2
∑
f
[
∂µφ
0
f∂
µφ0f + ∂µφ
1
f∂
µφ1f
]
= 12
∑
λ
∑
f
[
(Πλf )
2 + (∂xφ
λ
f )
2
]
, (2.22)
and Πλf is the momentum conjugate to φ
λ
f . The total Hamiltonian density in terms of φ
λ
f is
H(φλf ) = Hkin(φλf ) +Hint(φλf ) +Hm(φλf ), (2.23)
where H
kin
(φλf ), Hint(φλf ), Hm(φλf ) are given by Eqs. (2.22), (2.16), and (2.19b) respectively.
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2.3 Orthogonal transformation to qq¯ flavor eigenstates
We consider qq¯ systems with dynamical flavor symmetry that lead to flavor eigenstates as
a linear combination of states with different flavor amplitudes. Such eigenstates arise from
additional considerations of isospin invariance, SU(3) flavor symmetry, and configuration
mixing. As a result of such considerations in flavor symmetry and configuration mixing,
the physical eigenstates Φi can be quite generally related to various flavor components φf
by a linear orthogonal transformation as
Φλi =
∑
f
Dλifφ
λ
f . (2.24)
The othogonal transformation matrix Dλif obeys (D
λ)−1 = (Dλ)† with ((Dλ)†)fi=Dλif . The
inverse transformation is
φλf =
∑
i
DλifΦ
λ
i . (2.25)
Upon substituting the above equation into (2.23), we obtain the total Hamiltonian density
in terms of the physical flavor state Φλi as
H(Φλf ) = [Hkin(Φλi ) +Hint(Φλi ) +Hm(Φλi )], (2.26)
where H
kin
(Φλi ) =
1
2
∑
λ
∑
i
[
∂µΦ
λ
i ∂
µΦλi
]
=
1
2
∑
λ
∑
i
[
(Πλi )
2 + (∂xΦ
λ
i )
2
]
, (2.27a)
Hint(Φλi ) =
1
2
[∑
λ
(gλ
2D
)2
pi
(
∑
f
Qλf
∑
i
DλifΦ
λ
i )
2
]
, (2.27b)
Hm(Φλi ) = eγ
∑
f
mf
[∑
λ
µλ(
∑
i
DλifΦ
λ
i )
2
]
, (2.27c)
where Πλi is the momentum conjugate to Φ
λ
i . We can get the boson mass m
λ
i of the physical
state Φλi by expanding the potential energy term, Hint(Φλi ) +Hm(Φλi ), about the potential
minimum located at Φλi = 0, up to the second power in (Φ
λ
i )
2, as
H(Φλi ) =
∑
λ
∑
i
[
1
2
(Πλi )
2 +
1
2
(∂xΦ
λ
i )
2 +
1
2
(mλi )
2(Φλi )
2
]
+ ..., (2.28)
where (mλi )
2 =
[
∂2
∂(Φλi )
2
[Hint({Φλi }) +Hm({Φλi })]
]
Φλ0 ,Φ
λ
1=0
. (2.29)
From Eqs. (2.27b) and (2.27c), we find the squared mass (mλi )
2 for the state Φλi of interaction
λ to be
(mλi )
2 =
(gλ
2D
)2
pi
 Nf∑
f
QλfD
λ
if
2 + eγ Nf∑
f
mfµ
λ(Dλif )
2. (2.30)
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This mass formula includes the mixing of the configurations, and is applicable to QCD with
three flavors. It is an improved and more general extension of the earlier mass formula in
[25]. It should be reminded that the coupling constant gλ
2D
in 1+1 dimensions above is
related to the coupling constant gλ
4D
in 3+1 dimensions by the flux tube radius in (1.2).
A positive definite value of (mλi )
2, which is ensured by the positive quantities on the right
hand side of (2.30), indicates that the boson from such an interacting system of q and q¯ are
stable bosons.
The two terms on the right hand side of (2.30) receive contributions from different phys-
ical sources. The first term, the “massless quark chiral limit” or alternatively the “confining
interaction term”, arises from the confining interaction between the quark and the anti-
quark. The second term arises from quark masses and the quark condensate, 〈∑f ψ¯fψf 〉.
It can be called the “quark mass term” or the “quark condensate term”. If one labels the
square root of the first term in (2.30) as the confining interaction mass and the square
root of the second term as the condensate mass, then the hadron mass obeys a Pythagoras
theorem with the hadron mass as the hypotenuse and the confining interaction mass and
the condensate mass as two sides of a right triangle.
2.4 Open string description of qq¯ QCD mesons
QCD has an approximate SU(3)L× SU(3)R chiral symmetry and also an approximate flavor
U(3)×U(3) symmetry. If the axial symmetry is realized as the Goldstone mode as a result
of the spontaneous chiral symmetry breaking, then one would naively expect the singlet
isoscalar η′ particle to have a mass comparable to the pion mass. Experimentally, there is
the UA(1) anomaly [78–82] in which the η′ mass of 957.8 MeV is so much higher than the pi
mass. On the basis of the Schwinger model, Kogut, Susskind, and Sinclair [78–80] suggested
that such a UA(1) anomaly arises from the long-range confinement between the quark and
the antiquark, as the η′ acquires a large mass from the long-range confining interaction
between a quark and an antiquark. The long range gauge interaction affects not only η′
mass but also the other pseudoscalar pi0, and η masses, and there are furthermore the effects
of quark rest masses, and the configuration mixing between η and η′. We would like to
show that when these effects are properly taken into account, the pseudoscalar particles pi0,
η, and η′ can indeed be adequately described as open string QCD mesons.
Accordingly, in this subsection (2.4) to study QCD mesons, we restrict ourselves to
the QCD interaction with the interaction label superscript set implicitly to λ=1. Equation
(1.4) indicates that the mass scalemQCD∼ 423 MeV mu,md,ms. It is necessary to include
u, d, and s quarks with Nf=3 in the analysis of open strings QCD mesons.
We denote φ1 = |uu¯〉, φ2 = |dd¯〉, and φ3 = |ss¯〉, and assume the standard quark model
description of |pi0〉, |η〉, and |η′〉 in terms of flavor octet and flavor singlet states, with the
mixing of the |η〉 and |η〉 represented by a mixing angle θP [83]. The physical states of |pi0〉,
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|η〉, and |η′〉 can be represented in terms of the flavor states φ1, φ2 and φ3 by
|pi0〉 = Φ1 = φ1 − φ2√
2
, (2.31a)
|η 〉 = Φ2 = |η8〉 cos θP − |η0〉 sin θP , (2.31b)
|η′〉 = Φ3 = |η8〉 sin θP + |η0〉 cos θP , (2.31c)
where
|η8〉 = φ1 + φ2 − 2φ3√
6
, (2.31d)
|η0〉 =
√
2(φ1 + φ2 + φ3)√
6
. (2.31e)
The physical states Φi=
∑
f Difφf and the flavor component states φf , are then related byΦ1Φ2
Φ3
=

1√
2
− 1√
2
0
1√
6
{cos θP−
√
2 sin θP } 1√6{cos θP−
√
2 sin θP } 1√6{−2 cos θP−
√
2 sin θP }
1√
6
{sin θP +
√
2 cos θP } 1√6{sin θP +
√
2 cos θP } 1√6{−2 sin θP +
√
2 cos θP }

φ1φ2
φ3
,
with the inverse relation φf =
∑3
i=1DifΦi,φ1φ2
φ3
 =

1√
2
1√
6
{cos θP −
√
2 sin θP } 1√6{sin θP +
√
2 cos θP }
− 1√
2
1√
6
{cos θP −
√
2 sin θP } 1√6{sin θP +
√
2 cos θP }
0 1√
6
{−2 cos θP−
√
2 sin θP } 1√6{−2 sin θP +
√
2 cos θP }

Φ1Φ2
Φ3
 . (2.32)
With color charge QQCD{u,s,d}=1, the mass formula (2.30) gives
m2i = (
Nf∑
f=1
Dif )
2 4αs
piR2T
+
Nf∑
f=1
mf (Dif )
2eγµQCD, (2.33)
yielding an effective color charge Qi,eff=|
∑3
f=1(Dif )|.
For the pion state Φ1, we have Q1,eff=|
∑3
f=1(D1f )|=|1/
√
2− 1/√2|=0. The first term
of the “massless quark chiral limit” in the mass formula (2.33) gives a zero pion mass. When
the quark masses are taken into account, we have (Dif )2=1/2. The only contribution comes
from the second “quark condensate” term in (2.33). The mass formula (2.33) then gives
m2pi = (mu +md)
eγµ
2
, (2.34)
which is in the same form as the Gell-Mann-Oakes-Renner relation [84],
m2pi = (mu +md)
|〈0|q¯q|0〉|
F 2pi
, (2.35)
where |〈0|q¯q|0〉| is the light u and d quark-antiquark condensate and Fpi is the pion decay
constant [85]. Consequently, we can infer that the unknown mass scale µ in the bosonization
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formula has indeed the physical meaning of the quark condensate. We can therefore identify
µ in the bosonization mass formula (2.33) as
eγµ
2
=
|〈0|q¯q|0〉|
F 2pi
. (2.36)
By such an identification and calibrating the pion mass to be the experimental mass mpi,
the mass formula (2.33) for the pseudoscalar QCD mesons can be re-written as
m2i = (
Nf∑
f=1
Dif )
2 4αs
piR2T
+m2pi
Nf∑
f=1
mf
mud
(Dif )
2, (2.37)
where mud = (mu +md)/2. We are ready to test whether the I3=0, S=0 hadrons of pi0, η
and η′ can be appropriately described as open strings in the 1+1 dimensional bosonization
model. For these QCD mesons, there is a wealth of information on the matrix Dif that
describes the composition of the physical states in terms of the flavor components, as
represented by the mixing angle θP between the flavor octet and flavor singlet components
of the SU(3) wave functions in η and η′ in (2.31b) and (2.31c). The ratio of the strange
quark mass to the light u and d quark masses that are needed in the above mass formula
are also known. From the tabulation in PDG [83], we find θP = −24.5o and ms/mud= 27.3.
Table 1. Comparison of experimental and theoretical I3 = 0 spin S=0 neutral boson masses
obtained with the semi-empirical mass formulas with αs=0.58, αc = 1/137, and the flux tube
radius RT=0.38 fm.
Experimental Semi-empirical Meson mass
I S [I(Jpi)] mass mass in massless
formula quark limit
(MeV) (MeV) (MeV)
QCD pi0 1 0 [1(0−)] 135.0 135.0 0
meson η 0 0 [0(0−)] 547.3 492.4 320.5
η′ 0 0 [0(0−)] 957.8 933.0 703.2
QED isoscalar 0 0 [0(0−)] 19.2 11.8
meson isovector,I3=0 1 0 [1(0−)] 38.5 35.4
X17 (1+)? 17.01†
X17 (0−)? 16.84#
†A. Krasznahorkay et al., Phys.Rev.Lett.116,042501(2016)
#A. Krasznahorkay et al., arxiv:1910.10459
To calculate the QCD meson masses, we take αs=0.58 from earlier spectroscopy work
[64]. The only free parameter left in the mass formula (2.37) is the transverse radius RT .
The value of RT=0.38 fm gives an adequate description of the pi0, η, η′ masses as shown
in Table I. This RT value is within the range of transverse radius as would be expected
from the average transverse momentum of light hadrons produced in high energy e+-e−
annihilations, with RT ∼ ~/
√
〈p2T 〉 and 〈p2T 〉 ∼ 0.1− 0.35 GeV [56].
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From our comparison of the experimental and theoretical masses, we find that the
1+1 dimensional model of open strings using the method of bosonization by including the
confining interaction and the quark condensate leads to the mass formula (2.37) that can
indeed describe adequately the masses of pi0, η, and η′, with an error of order 10%. The
formulation can be used to extrapolate to the unknown region of open string qq¯ QED
mesons.
In order to infer the importance of the second quark condensate term relative to the
massless quark chiral limit arising from the confining interaction in (2.37), we tabulate the
results of the hadron mass values obtained in the massless quark limit in Table I. One
observes that for the pion mass, the massless quark limit is zero, and the pion mass arises
only from the second quark condensate term. The importance of the quark condensate
diminishes as the hadron masses increases to η and η′. Thus, in experiments in which the
quark condensate may be affected by the environment in which the hadrons are produced,
as for example in a hot quark gluon plasma at various temperatures, the degree of quark
condensation may decrease as the temperature increases, resulting in a downward shift of
the hadron mass towards the massless quark limit. The massless quark limit may be reached
at a critical temperature when the chiral symmetry is fully restored with the absence of a
quark condensate. As a consequence, the shift in the hadron masses may be a signature of
the restoration of chiral symmetry. It is interesting to note in the QCD meson case that
the absence of the quark condensate leads to the pions acquiring a zero mass, which is an
indication of the dissociation of the pion into a massless quark and antiquark pair when
chiral symmetry is restored. It is reasonable to consider then that the occurrence of chiral
symmetry restoration for a pion occur alongside with the occurrence of the deconfinement
of the quark and the antiquark in the pion.
2.5 Open string description of qq¯ QED mesons
Having confirmed the approximate validity of the open string description of QCD mesons
in 1+1 dimensions, we proceed to extrapolate to the unknown region of open string qq¯
QED mesons. In this subsection (2.5), we restrict ourselves to the QED interaction with
the interaction label superscript set implicitly to λ=0. The mass scale in (1.4) gives mQED∼
47 MeV mu,md, but mQED is comparable to ms. In the treatment of QED mesons, it is
only necessary to include u and d quarks and antiquarks, with Nf = 2.
We denote flavor states φ1 = |uu¯〉, φ2 = |dd¯〉, and construct the physical isoscalar
|ΦQED1 〉 and the isovector |Φ
QED
2 〉 states as
|(isoscalar)I = 0, I3 = 0〉 = Φ1 = (φ1 + φ2)/
√
2,
|(isovector)I = 1, I3 = 0〉 = Φ2 = (φ1 − φ2)/
√
2. (2.38)
They are related by Φi=
∑
f Difφf and φi=
∑
f DifΦi,(
Φ1
Φ2
)
=
(
1√
2
+ 1√
2
1√
2
− 1√
2
)(
φ1
φ2
)
,
(
φ1
φ2
)
=
(
1√
2
+ 1√
2
1√
2
− 1√
2
)(
φ1
φ2
)
. (2.39)
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The mass formula (2.30) for the mass of Φi becomes
m2i =
[
Qu+(−1)IQd√
2
]2
4αc
piR2T
+mude
γµ, (2.40)
whereQu=2/3, Qd = −1/3, αc = 1/137, but the mass scale µ for QED mesons is not known.
From the results for QCD mesons in (2.33)-(2.35), we expect an analogous relationship
relating the mass scale µ and the quark condensate for QED mesons,
eγµ ∝ |〈0|q¯q|0〉|QED , (2.41)
where |〈0|q¯q|0〉|QED is the quark condensate in the presence of QED gauge interactions
between the quark and the antiquark. At the present stage of our development, there is
no experimental information to quantify |〈0|q¯q|0〉|QED . It is also not known whether such a
quark condensate term may be affected by the environment such as temperatures in which
the QED meson may be produced. It is only known that for QCD mesons, such a quark
condensate term is related to the pion mass. We expect that the quark condensate term
should depend on the coupling constant gQED
2D
of the gauge interaction, whether it is QCD
or QED. Because the first term in (2.40) depends on the coupling constant as (gQED
2D
)2, and
in our comparison in QCD, the quark condensate term is just as important as the massless
quark limit for the lightest QCD meson. Thus, pending future amendments, we assume
that the quark condensate term is of order (gQED
2D
)2, the same as the first massless quark
limit term. In this case, we have
(the quark condensate term for QED)
(the quark condensate term for QCD)
=
(g
QED
2D
)2
(gQCD
2D
)2
=
αc
αs
. (2.42)
From (2.40), it is then reasonable to consider the phenomenological semi-empirical mass
formula for QED mesons as
m2i =
[
Qu+(−1)IQd√
2
]2
4αc
piR2T
+m2pi
αc
αs
, (2.43)
where the first term is massless quark chiral limit term arises from confining interaction
between the quark and the antiquark and the second term arises from the quark masses
and the finite quark condensate. Here, we have Qu=2/3 and Qd=−1/3.
The masses of the S=0 neutral QED mesons as obtained by using the above mass
formula are listed in Table I, where we find an I=0 isoscalar QED meson at mQEDisoscalar=19.2
MeV and an (I=1,I3=0) isovector QED meson at m
QED
isovector=38.5 MeV. As the I
G(JPC)
quantum numbers of the QCD mesons are known, we can infer the quantum numbers of the
corresponding QED mesons with the same I and S by analogy. Such an inference by analogy
provides a useful tool to determine the quantum numbers and some electromagnetic decay
properties of QED mesons. Using such a tool, we find that the isoscalar QED meson at 19.2
MeV has quantum numbers IG(JPC)=1−(0−+) and the isovector I3 = 0 QED meson at
38.5 MeV has quantum numbers IG(JPC)=0+(0−+). The error of about 10% for the case
of QCD mesons suggests that the uncertainties for the QED meson masses may likewise be
about 10%.
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The matching of the I(Jpi) quantum numbers and the approximate agreement of the
X17 mass with the isoscalar 0(0−) QED meson mass at about 19.2 MeV (with a deviation
of about 10%) may make the isoscalar QED meson a good candidate for the X17 particle
emitted in the decay of the 0(0−) state of He4 in [12]. We can envisage the following possible
QED meson production scenario. We start by pulling a proton out of a tightly bound 4He
nucleus to result in the highly exited 0(0−) state at 21.01 MeV, as in the stretching of a
string. The excited state has a proton outside of a much heavier core remainder with a
empty proton hole, in the configuration of a stretched string. The strong binding (of 21.01
MeV) between the proton and the core remainder leads to a strong interaction that polarizes
the spatial region between them in the stretched string, leading to the vacuum polarization
of qq¯ pairs. Because of such vacuum polarization, there may be the occasional production
of the a quantized open string isoscalar qq¯ QED meson with the proper quantum numbers
at the appropriate energy. Subsequent decay of the isoscalar QED meson yields the decay
product observed in the 4He experiment. Similarly we can envisage the possible production
of X17 from the 18.15 MeV 0(1+) excited state of 8Be that is prepared by stretching out a
proton from one of the two 4He nuclei in the 8Be nucleus. Vacuum polarization of qq¯ pairs
may lead to the production of the open string isoscalar 0(0−) QED meson, coming out in
the l=1 partial wave.
It is interesting to note that for the S=0 QCD and QED mesons, the mass ordering for
the isovector and isoscalar QED mesons is the reverse of that for the isovector and isoscalar
QCD mesons. This arises because in QED mesons there is a difference in the magnitudes
and the signs of the electric charges of the u and d quarks, whereas in QCD mesons there
is no difference in the magnitudes and the signs of the color charges of the u and d quarks.
In order to show the effects of the the second quark condensate term relative to the
massless quark chiral limit in (2.43), we tabulate the results of the QED meson masses
values obtained in the massless quark chiral limit in Table I. One observes that the mass of
the isoscalar QED meson with the quark condensate is 19.2 MeV but it is reduced to 11.8
MeV in the massless quark limit without the quark condensate. The QED meson masses
may be affected by the environment in which the mesons are produced, as for example in a
hot quark gluon plasma at various temperatures. The degree of QED quark condensation
is expected to decrease as the temperature increases, resulting in a downward shift of the
meson masses towards the massless quark limit as the temperature increases. The massless
quark limit may be reached at a critical temperature when the spontaneously broken chiral
symmetry is fully restored with the absence of a quark condensate. When that happens,
the mass of the isoscalar QED meson may be shifted to a lower value of about 11.8 MeV.
As a consequence, the shift in the hadron masses may be a signature of the restoration
of chiral symmetry. It is interesting to note that in the QED meson case the absence of
the quark condensate leads to a decrease of the the isoscalar QED meson mass from 19.2
MeV to 11.8 MeV, but the mass remains non-zero at 11.8 MeV, indicating that the QED
confinement between the quark and the antiquark remains operational even when chiral
symmetry is restored. It is reasonable to consider then the possibility that the occurrence
of chiral symmetry restoration and the occurrence of the deconfinement of an isoscalar QED
meson take place at different temperatures of the environment.
– 15 –
3 Transverse momentum distribution of anomalous soft photons
We would like to inquire whether the transverse momentum distribution of the excess e+e−
pairs in the anomalous soft photon phenomenon also lends support to the possible exis-
tence of the X17 particle and the QED mesons. For such an investigation, we rely on the
thermal model which describes well the transverse momentum distributions of produced
QCD mesons and their dependencies on the masses of the produced hadrons in high-energy
pp collisions [86–89]. We shall assume that the validity of the thermal model can be ex-
tended from the production of QCD mesons to the production of QED mesons whose decay
products are assumed to appear as anomalous soft photons. In such a thermal model, the
transverse momentum distribution of the produced QED mesons is related to the produced
QED meson mass m by
dN
pTdpT
= Ae−
√
m2+p2T /T . (3.1)
As dN/dpT is proportional to pT e
−
√
m2+p2T /T , the peak of dN/dpT occurs at
p2T =
1
2
[T 2 +
√
T 4 + 4T 2m2]. (3.2)
If m = 0, then dN/dpT peaks at pT = T . If m is much greater than T , then dN/dpT peaks
at pT ∼
√
mT . For each produced mass component, the thermal model gives a peak in
dN/dpT . The total dN/dpT is a sum of the contribution from different QED mesons,
dN
pTdpT
=
∑
i
Aie
−
√
m2i+p
2
T /Ti , (3.3)
which is the sum of many peaks as the number of QED mesons produced.
Fig. 1(a) and Fig. 1(b) shows the dN/dpT spectra of anomalous soft photons. While
different fits and decompositions of the spectrum are possible, the structure of the dN/dpT
data appears to require two components in Fig. 1(a) and one component in Fig 1(b).
The points in Fig. 1(a) are the anomalous soft photon dN/dpT data in pp collisions at
plab=450 GeV [20], and the solid curve is the thermal model fit obtained by adding the
contributions from two components, with A1=3.3 × 104/(2MeV/c), m1=0, and T1=2.3
MeV, A2=3.7×104/(2(MeV/c), T2=6.2 MeV, m2=16.9 MeV. The data points in Fig. 1(b)
give the DELPHI anomalous soft photon dN/dpT data in e+e− annihilation at Z0 resonance
at
√
s=91.18 GeV. The curve in Fig. 1(b), is the thermal model fit with a single component
with A3=2.7× 10−3/(16MeV/c), m3=40.6 MeV, and T3=28.3 MeV.
The component with m1=0 in Fig. 1(a) may be associated with the decay of the QED
mesons into two photons. If so, it will be of interest to look for photons each with an energy
of half of the parent QED meson mass in center of mass of the parent QED meson. The
m2=16.9 MeV components in Fig. 1(a) and the m3=40.6 MeV component in Fig. 1(b) may
be associated with the predicted isoscalar and isovector QED mesons of Table 1. If so, a
measurement on the invariant masses of the m2 and m3 components will be of great interest
to confirm the existence of these QED mesons.
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Figure 1. (a) Anomalous soft photon dN/dpT data from pp collisions at plab=450 GeV/c obtained
by Belogianni et al. [20]. The total and component yields of the thermal model analysis are shown
as the solid and dashed curves, respectively. (b) Anomalous soft photon dN/dpT obtained by the
DELPHI Collaboration for e+e− annihilation at the Z0 mass of 91.18 GeV [21] and the thermal
model fit is shown as the solid curve.
We can visualize how QED mesons may be produced alongside with QCD mesons in the
soft photon phenomenon in high-energy particle collisions [16, 17, 17–24] in which meson
production has been well understood as a string fragmentation process [43–46]. Many qq¯
strings are produced when the string joining a valence quark and a valence antiquark are
pulled apart. Because quarks and antiquarks interact with both QCD and QED interactions
and they may form meson states, both QCD mesons and QED mesons are simultaneously
produced during the high-energy string fragmentation process. The produced QED mesons
subsequently decay into e+e− pairs which appear as excess e+e− yields to accompany the
produced QCD mesons [23–25]. The QED mesons and their decay e+e− products will not
be produced when hadrons are not produced in e++ e−→ µ++ µ− bremsstrahlung [22].
There remain many unresolved questions and uncertainties regarding the anomalous
soft photons as presented in Fig. 1. The thermal model analysis only provides an approxi-
mate hint on the possible contributions from many mass components, as the fitting of the
boson masses in the thermal model contains ambiguities associated the determination of the
temperatures. It is also not known why the two components of m1=0 and m1=16.9 MeV in
the pp measurement in Fig 1(a) are not present in e+e− annihilation DELPHI measurement
in Fig. 1(b). What may be important however are the cross section enhancements in many
transverse momentum regions, suggesting possible masses where quantized boson masses
may occur. The measurement of the invariant masses of the excess e+e− pairs or the decay
photon energies in the neighborhood of these enhancements will reveal whether or not the
excess e+e− represents quantized bosons, to confirm the existence of these QED mesons.
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4 Behavior of a massive QED meson assembly
The QCD and QED mesons with massless quarks in 1+1 dimensions cannot decay as
the quark and the antiquark execute yo-yo motion along the string. As the string is an
idealization of a flux tube, the structure of the flux tube must be taken into account in the
physical processes in 3+1 dimensions. Consequently, both the quark and the antiquark at
different transverse coordinates in the tube traveling from opposing longitudinal flux tube
directions can make a sharp change of their trajectories turning into the transverse direction
where the quark and the antiquark can meet and annihilate, leading to the emission of two
photons at the vertices V1 and V2 as depicted in Fig. 2(a). The coupling of these photons
to an electron pair as shown in Fig. 2(b) leads further to the possibility of the decay of the
QED meson into an electron-positron pair. Thus, by the consideration of the transverse
structure of the flux tube, the QED mesons can decay into photons and electron-positron
pairs in 3+1 dimensions.

V1 γ V1 e
−
q¯ q¯
X X
q q
V2 γ V2 e
+
(a) (b)
Figure 2. (a) Decay of the QED meson X into two photons, and (b) into an e+e− pair.
An astrophysical object consisting of a large assembly of isoscalar 0(0−) QED mesons
such as the X17 particle with a mass mX=17 MeV will be an electron-positron and gamma-
ray emitter. If the temperature of such an assembly is low, it can form a Bose-Einstein
condensate. The mode of emission and the emission energies depend on the gravitational
energy of the assembly. Such assemblies of QED mesons present themselves as good can-
didates as e+e− emitters, gamma-ray emitters, or primordial cold dark matter. We would
like to make estimates on the constraints on masses and radii of such assemblies where they
may be found.
We consider an assembly of A number of mX QED mesons of mass MA≡M and we
place a test QED mX meson at the surface of the assembly at radius R, the mass MA+1 of
the combined system is
MA+1 = MA +mX − GMAmX
Rc2
, (4.1)
where G is the gravitational constant. The Q value for the test QED meson at the surface
of the (A+1) assembly to decay into an electron-positron pair is
Q((A+ 1)→A+ e+e−) =mXc2−GMAmX
R
−2mec2, (4.2)
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and the Q value for the test QED meson to decay into two photons is
Q((A+ 1)→ A+ 2γ) = mXc2 − GMAmX
R
. (4.3)
Thus, the QED meson mX will not decay into an electron-positron pair when the mass and
radius of the assembly satisfy
M
R
>
c2
G
(
1− 2me
mX
)
, (4.4)
and the QED meson mX will not decay into two photons nor an e+e− pair when M and R
satisfy
M
R
>
c2
G
. (4.5)
Upon using the mass and the radius of the sun as units, it is convenient to define a dimen-
sionless boundary value B0 given by
B0 =
c2R
GM
= 4.71× 105. (4.6)
A QED meson assembly will behave differently depending on its M/R values as follows:
1. The QED meson assembly will emit electron-positron pairs and gamma rays if
B0
(
1− 2me
mX
)
>
M/M
R/R
. (4.7)
2. The QED meson assembly will emit only gamma rays but no e+e− pairs, if
B0 >
M/M
R/R
> B0
(
1− 2me
mX
)
. (4.8)
3. The QED meson assembly will not emit e+e− pairs nor gamma rays, if
M/M
R/R
> B0, (4.9)
which is essentially the condition for a QED meson black hole.
The above boundaries characterize the properties of QED meson assemblies as e+e− emit-
ters, gamma-ray emitters, or dark matter. An assembly of QED mesons satisfying (4.5)
(which is the same as or (4.9)) can be a good candidate for a primordial cold blackhole dark
matter, as it is non-baryonic, created at the hadronization stage of the quark-gluon plasma
phase transition, and not from a stellar collapse.
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5 Conclusions and discussions
Many interesting questions have been brought into focus with the observations of the X17
particle [1, 12] and the related anomalous soft photons [16–24]. Our investigations provide
answers to some of these question, but many unanswered questions remain and will require
further theoretical and experimental investigations. The central questions are (i) whether
quarks and antiquarks interacting with the QED interaction can form confined and bound
bosons (QED mesons) in the mass range of many tens of MeV as suggested in [25], (ii)
whether the X17 particle and the entities responsible for the anomalous soft photons [16–
24] are QED meson, and (iii) whether there can be additional tests to confirm or refute the
existence of the QED mesons.
In response to these central questions on the theoretical side, it can be argued that
Schwinger already showed that massless fermions and antifermions interacting with QED
interactions in 1+1 dimensions can form confined and bound boson states [60, 61]. As a
quark and an antiquark cannot be isolated and the intrinsic motion of the lowest-energy
qq¯ states of the quark and the antiquark in 3+1 dimensional space-time lies predominantly
in 1+1 dimensional space-time [38]-[46], an open string description in 1+1 dimensions can
be applied to the quark and the antiquark interacting with QCD and QED interactions.
Such interactions lead to confined and bound physical qq¯ QCD and QED meson states
[25–27]. We show that the pi0, η, and η′ can be adequately described as open string QCD
mesons in 1+1 dimensions, when we properly take into account the relevant physical effects.
Extrapolation of the open string description to qq¯ systems interacting with QED interactions
lead to an isoscalar 0(0−) QED meson state at about 19.2 MeV and an isovector (1(0−), I3 =
0) QED meson states at about 38.5 MeV with an uncertainty of about 10%. The matching
of quantum numbers and the approximate agreement with the experimental mass of X17
particle make the isoscalar 0(0−) QED meson a good candidate for the X17 particle emitted
in the decay of the excited 0(0−) state of He4. The isovector I3 = 0 QED meson at 38.5
MeV has not yet been observed.
In response to the central questions on the experimental side, the existence of the
isoscalar 0(0−) QED meson at 19.2 MeV and isovector 1(0−), I3=0 QED meson at 38.5
MeV can be confirmed or refuted by searching for (i) the decay product of an e+e− pair
with an invariant mass of about 17 MeV and about 40 MeV, and (ii) the decay product of
a pair of photons each carrying half of the boson mass energy in the center of mass system
of the parent QED meson. The decay experiments carried out in [1, 12] are good examples
for such explorations using the decay of excited nuclei, with an indication of an invariant
mass of an e+e− pair at 17 MeV. Whether the isoscalar QED meson is related to the 0(1+)
X17 particle observed in the decay of 8Be remains to be investigated. If the 0(1+) excited
state of 8Be emits the particle in the l=1 partial wave state, then the emitted particle can
be a 0(0−) particle, the same as the X17 particle observed in the 4He decay. It will be
necessary to check experimentally how the 8Be nucleus in the excited 0(1+) state decays.
Additional nuclear experiments to confirm 8Be and 4He measurements in [1, 12] will also
be of interest.
The occurrence of the X17 particle and QED mesons receive indirect support from
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the occurrence of e+e− excesses observed in the anomalous soft photon phenomenon. In
particular, the structure of the anomalous soft photon dN/dpT spectrum in the region of
12-20 MeV/c indicates a possible production of a particle with a mass around 17 MeV, in
high-energy pp collisions at plab= 450 GeV/c [20]. Furthermore, the transverse momentum
distribution of the anomalous soft photons in the DELPHI experiment indicates a contribu-
tion with a mass around 40 MeV [21]. The observed correlated production of e+e− excesses
and QCD mesons in [16–24] suggests a common origin of QCD and QED mesons from
quarks and antiquarks in the underlying vacuum [25]. The study of the X17 particle and
the anomalous soft photons may therefore be intimately connected. Other similar searches
can be carried out in experiments where hadrons are produced, in high-energy hadron-p,
pp, pA, and AA collisions as well as high-energy e+e− annihilations.
We would like to address the relevance of the QED mesons with regard to the pro-
duction of dark matter. We can envisage that in the early evolution of the universe after
the big bang, the universe will go through the stage of quark-gluon plasma production
with deconfined quarks and gluons. As the primordial matter cools down the quark-gluon
plasma undergoes a phase transition from the deconfined phase to the confined phase, and
hadronization occurs. Hadrons are then produced from the quark-gluon plasma by way
of flux tube production and string fragmentation. As quarks and antiquarks interact with
both QCD and QED interactions, the hadron production of QCD mesons will be accompa-
nied by QED meson production, just as the production of hadrons is accompanied by the
production of anomalous soft photons in high-energy hadron-nucleon collisions and e+e−
annihilations observed experimentally [16, 17, 17–24]. The produced QED mesons are pre-
sumably tightly bound and non-interacting in the Schwinger’s picture of two-dimensional
space-time. In the physical four dimensional space-time with perturbative residual interac-
tions, they can however decay into photons or e+e− pairs. Thus, gravitating assemblies of
QED mesons are e+e− emitters and gamma-ray emitters. On the other hand, if they find
themselves in spatial locations where their gravitational binding energies exceed their rest
masses, then their decay into photons or electron-positron pairs will be inhibited. There can
be QED meson assemblies produced at this stage where the gravitational binding energies
of the QED mesons exceed their rest masses. For such QED meson assemblies, the QED
mesons will be stable against particle decays and photon emissions. They may form the
primordial cold dark matter that may be the source of gravitational attraction for other
objects.
The recent inclusive experiment of the NA64 Collaboration [10] of finding no “dark" soft
photon excesses needs to reconcile with the earlier finding of anomalous soft photon excesses
in high energy hadron-p, pp, and e+e− collisions [16–24]. In the detection of anomalous soft
photons in the DELPHI Collaboration [24], the photon detection is carried out by studying
the electron and positron tracks in a TPC, while in the NA64 experiment, the produced
soft photon needs to penetrate a calorimeter and is detected downstream in a separate
calorimeter. It is not known whether the difference in the detection setups and techniques
may account for the presence or absence of excess soft photons in the two measurements.
Future work also calls for experimental and theoretical studies of the properties of the
observed X17 particles and their reactions. Much theoretical work will need to be done to
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study the decays and reactions of QED mesons in free space and strong gravitational fields
to shed more lights on the fate of the QED meson assembly in the possible primordial dark
matter environment.
As it is suggested here that the hadronization at the early history of the universe in the
quark-gluon plasma phase generates simultaneously the QED meson assemblies as seeds for
primordial dark matter, it will be of great interest to study whether QED mesons as excess
e+e− pairs with various invariant masses are produced in high-energy heavy-ion collisions
where quark gluon plasma may be produced.
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